Radiation defects by Xe ion implantation and self-interstitial clusters evolution in molybdenum
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The formation of interstitial atom clusters in Mo lattice due to a high energy Xe+ ion bombardment was
investigated using ab-initio and classical molecular dynamic simulations. By using a force-matching method, a
new interatomic potential for pure Mo and a mixture of Mo and Xe atoms was developed. A defect self-
organization after Xe bombardment was observed. Ab-initio calculations of formation energies of di-interstitials
confirmed the general consequences of molecular dynamics. Defect clusters are readily formed at temperatures
up to 2200 K. The more stable forms of clusters demonstrated 1D diffusion mechanism with very high diffusion
coefficient. In the contrary, the vacancies have a diffusion coefficient of a few orders of magnitude lower than
that of SIA clusters and do not evolve during the time of simulation.

PACS numbers: 71.10.Li1, 64.30.-t, 64.70.D-

Radiation defects generated in various nuclear materials such as Mo, Fe and CeO2 as a
surrogate material for UO2, formed by sub-MeV Xe and Kr ion implantations were actively
studied in the last half century [1-6]. Although many features of the ion implantation have been
explained, several phenomena are still not well understood: lattice swelling due to radiation [3,
71, formation of supperlattice of voids and bubbles [1, 4-6, 8] etc. More detailed information on
the formation mechanisms and evolution of defects will be of critical significance in
understanding of these problems. The previous studies were primarily related to properties of
defect clusters in iron and copper [2, 9-12]. Molybdenum is a very important nuclear material
since it forms several alloys with U demonstrating superior mechanical and thermophysical
properties. However, it was not studied in detail by ab-initio previously. Self-interstitial atoms
(SIA) were studied by quantum calculations in molybdenum [13, 14]. Although, the void
superlattice formation in Mo is the most interesting and the oldest problem in the nuclear
materials, it was not yet studied [1, 4-6].

In Refs [5, 15], Evans argued that the major reason for supperlattice formation in Mo is
two-dimensional (2D) diffusion of SIACs in that material. To the contrary to these studies, other
investigations [6, 8] predicted that one-dimensional (1D) diffusion of SIAs and clusters would

play an important role in the supperlattice formation in Mo.
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The main subject of this article is a qualitative study of evolution of defects in pure Mo
within a short time (about 1 ns) elapsed after cascade generated by an energetic Xe+ ion
propagation. Specifically, we have studied the diffusion characteristics of the generic types of
the self-interstitial atom clusters (SIAC) formed in cascade. These generic types of defects are of
a fundamental significance related to the phenomenon of voids supperlattice formation.

Another goal of this paper is to develop a new many-body Xe-Mo interatomic potential
and apply this new potential for studying radiation cascades in Mo.

By using molecular dynamic (MD) simulations, an evolution of Mo damage lattice was
investigated after displacement cascades generated by a single Xe ion. Energy of a Xe ion was
equal about 50 keV. It was assumed that there is no big difference between the cascades
generated by an Xe-atom or Xe+-ion at such low energy kinetic energy. The charge of projectile
have significance on first stage of interaction with sample surface which did not investigated in
this work. Inside the Mo matrix, the Xe atom must relax to such state as well as Xe ion because
of metal properties of environment (Mo matrix). As the first stage, we have developed a new
interatomic potential for Mo-Xe systems by a force matching method (FMM) [16, 17]. The
force — matching method provides a way to construct physically justified interatomic potentials
even under such circumstances as absence of experimental data. The idea is to compute force
and energies from first principles for a suitable selection of small reference systems and to adjust
the parameters of the interatomic potential to optimally reproduce them.

Within the FMM, the reference data was calculated by a VASP ab-initio code [18]. The
following main parameters of calculations of the reference data were used: the electron orbitals
were represented using plane-waves, with a cut-off energy of 400 eV; the generalized gradient
approximation (GGA) for pseudopotential; 8-points in k-space. 81 various configurations with
total number of atoms equal 10746 were used in this calculation. These configurations presented
a different Mo-Xe systems: 39 states with pure Mo (liquid and bcc. solid states at different
densities; bec. Mo with SIAs and/or vacancies and/or surface), 20 states with pure Xe (liquid and
solid states) and 22 states with Mo-Xe (including a single Xe atoms in pure Mo). The matching
was carried out with three types of values: energy (only one in every configuration); stress tensor
(6 components in every configuration) and forces (fx, fy and {z per every atom in
configurations). The calculated data was used in the FMM-procedures. The potential is realized

in EAM (Embedding Atom Method) form for alloy with seven independent functions. In our



investigation the potential functions were set by splines with 10 independent parameters. The
algorithm of search of potential parameters was implemented in the potfit-code [17] which was
used in this work.

The developed interatomic potential [19] reproduces following data: the lattice parameters
of Mo bcc lattice is equal 0.3147 nm; the experimental cold curves of pure Mo and pure Xe [20,
21] (up to pressure equal 700 GPa) and Mo thermal expansion at zero pressure [22] (up to
melting temperature) reproduce with precision about 1-2 percent; melting line of Mo is like in
work [23] (ab—initio calculation); equilibrium elastic constants of pure Mo reproduce to
experimental data with precision about 20 percent; the experimental data on sputtering Mo by Xe
ions [24] (dependence of sputtering yield on energy Xe ion) is simulated with good precision at
Xe atom energy more than 50 eV. In addition the formation energies of SIAs and vacancy in
pure Mo were calculated: crowdion — 6.42 eV; dumbbell <111>— 6.43 eV; dumbbell h110i —
6.67 eV; vacancy — 2.79 eV. The crowdion and dumbbell <111> are the more stable forms of
SIA in Mo in accord with works [13, 14].

In MD-simulation the 1D-type of SIA diffusion was obtained having a diffusion coefficient
equal to approximately 10—4 cm?2/s. This value is of the same magnitude as the diffusion
coefficient calculated for iron [2]. The 1D-diffusion mechanism is realized by jumps of SIA
between the positions of a crowdion and a dumbbell <111> which both are located along the
<111> axis. At thermal excitation of the dumbbell of the <110> type, the 1D-diffusion of a SIA
can be superseded with a rotation in a (110) plane and therefore, the dumbbell pair can easily
move along the other three equivalent <111> axis (which are the largest diagonals of the basic
cube).

At temperatures higher than 1000 K, the 1D-type diffusion of SIA entirely transforms into
a 3D-type of diffusion because of existence of big concentrations of dumbbell <110> types of
SIA.

After the development and verification of the Xe-Mo potential, we carried out the
simulations of radiation cascades in pure Mo by an Xe atom. The simulation box has the
dimensions 9.4x9.4 x 94.4 nm3 with in 9.4 nm in the y and z directions and 94.4 nm along x-
axis. A three dimensional periodic boundary conditions were used. Mo atoms formed bcc.

crystal in the simulation box (at 5 <x < 94.4 nm).



514392 atoms were used in these simulations. The ion irradiation direction was chosen to
be were placed at 6° off normal to the top surface which was Mo (001) surface perpendicular to
the ion irradiation direction. There are two crystal surfaces in the simulation box that were fixed
during the whole simulation. These atom layers were modeled the rear surface of the film.
Initial temperature of Mo lattice was set in the range of 50 — 2500 K.

All MD calculations were carried out by using a large-scale parallelized multipurpose MD
code LAMMPS code developed at Sandia [25]. After preparation of the modeling system in an
equilibrium state, one of the Xe atoms was placed above the top surface and a vertical
component of the velocity was chosen according to the particle energy. The ion fluence was of
about 1.1x10' m . Kinetic energy of Xe atom was equal 48.5 keV. The spreading Xe atom
create track from disorder heated atoms of Mo and also create displacement subcascade from
high energy atoms of Mo. We obtained that such Xe cascade produce about 100-130 SIAs and
vacancies. However, the most of defect were recombined during first 1 - 2 ps of evolution time.
Single vacancy have very small mobility with diffusion coefficient equal approximately 10—8
cm2/s and practically do not evolved during the time of simulation (but there is the
recombination with STA). Except the recombination of SIA and vacancy the main evolution
process is the formation of SIACs. Characteristic states of Mo structure shown in figure 1. The
SIAs formed clusters during evolution time equal approximately 0.5 - 1.0 ns.

Peculiar properties of this process:

— IAC is more stable formation than separate SIAs. Therefore at collision of two SIAs (or
SIA and IAC) the fusion take place.

— More stable forms of IAC has 1D-type of thermal diffusion as well as SIA (with
diffusion coefficient about 10—4 cm2/s like SIA). At minimal potential energy of IAC the
crowdions are placed in parallel directions inside cluster (see figure 2 or type a of di-interstitial
on figure 3).

This atoms arrangement is provided 1D-type of thermal diffusion. Some forms is similar to
nanometer-sized dislocation loops. Note that 1D-diffusion of dislocation loop was obtained by
experiment in iron [11].

— At temperatures below 800 K there is possibility of formation of stable immobile IAC
(see on insertion a in figure 1). At high temperature the such immobile IACs is not formed. The

existence of immobile defects cluster at low temperatures agree with results obtained for defect



cluster in iron [12]. This fact may be explained by existence of energy barrier between mobile
and immobile

forms of IAC (type a and b respectively for di-interstitials on figure 3). Exclusive
possibility of formation of immobile IAC at high temperatures is the collision two big mobile
IAC.

—At increasing of IAC size the stability in relation the recombination with vacancy
increase also. Big clusters may move near vacancies without change.

— The small share of defect get on surface of lattice. Therefore an some overbalance of
vacancies arises.

— The clusters are formed up to temperature equal about 2200 K. At more higher
temperatures the thermal fluctuations of potential energy prevent to formation of stable IACs.

For verification of simulation results, we performed the calculation of formation energy of
di-interstitial by ab-initio method (with using of VASP code). In table the results of
investigations are shown. Basic type of di-interstitials are shown on figure 3. Comparison of
results of energy minimize by ab-initio and MD-simulation with new potential were carry out.
The potential reproduce a defect hierarchy and energy with good precision. In figure 4 the
dependencies of number of various IAC on evolution time are shown. At low temperatures there
is approximately equal possibilities the formation of mobile or immobile IAC from SIAs. At
temperature higher than 800 K an overbalance of mobile cluster was obtained. Note that the
immobile IACs must have bigger lifetime than the mobile IACs because of the mobile cluster
finally reach to surface and recombine (however time of this process exceed the simulation time

on several orders).

The given work provides an opportunity to reconstruct the defect evolution on short time
after the displacement cascade. At lower temperatures the immobile IAC is formed along with
mobile IAC equally. There is large difference between this two type of IAC: mobile clusters are
stable forms with 1D-diffusion mechanism whereas immobile clusters are unstable forms
without diffusion.

The thermal fluctuations of atoms coordinates (accountable to the diffusion) inside the

immobile IAC primarily lead to relax in the mobile form. The exception is possible only for very



big immobile IAC but it must have very slow diffusion (lower than vacancy). At high
temperatures (800 K - 2200 K)the immobile IACs practically are dot formed and big mobile IAC
are dominated during the evolution. At temperatures higher than 2200 K only the SIAs are

observed. This objects fast recombine with the surface and vacancies.

Acknowledgments:

We are thankful to A.Yu. Kuxin, A.V. Yanilkin, G.E. Norman and V.V. Stegailov for the useful
discussion. Simulations were carried out on computing clusters fusion, Blue Gene and MIPT-60.

This work was supported by the U.S. Dept. of Energy Office of Advanced Scientific Computing
Research, Office of Science, under Contract DE-AC02-06CH11357.



REFERENCES:

[1]J. H. Evans, Nature 229, 403 (1971).

[2] N. Soneda and T. D. de la Rubia, Philosophical Magazine A 78, 995 (1998).

[3]J. Spino and D. Papaioannou, Journal of Nuclear Materials 281, 146 (2000).

[4] J. Rest and G. L. Hofman, Journal of Nuclear Materials 277, 231 (2000).

[5] J. H. Evans, Philosophical Magazine Letters 87, 575 (2007).

[6] A. V. Barasheva and S. I. Golubov, Philosophical Magazine 90, 1787 (2010).

[7] H. Matzke, P. G. Lucuta, and T. Wiss, Nuclear Instruments and Methods in Physics Research
Section B 166, 920 (2000).

[8] H. L. Heinish and B. N. Singh, Journal of Nuclear Materials 307, 876 (2002).

[9]1 Y. N. Osetsky, D. J. Bacon, A. Serra, B. N. Singh, and S. Golubov, Phylosophical Magazine
83,61 (2003).

[10] J.-H. Shim, H.-J. Lee, and B. D. Wirth, Journal of Nuclear Materials 351, 56 (2006).

[11] K. Arakawa, K. Ono, M. Isshiki, K. Mimura, M. Uchikoshi, and H. Mori, Science 318, 956
(2007).

[12] D. A. Terentyev, T. P. C. Klaver, P. Olsson, M.-C. Marinica, F. Willaime, C. Domain, and
L. Malerba,

Phys. Rev. Lett 100, 145503 (2008).

[13] S. Han, L. A. Zepeda-Ruiz, G. J. Ackland, R. Car, and D. J. Srolovitz, Phys. Rev. B 66,
220101(R) (2002).

[14] D. Nguyen-Manh, A. P. Horsfield, and S. L. Dudarev, Phys. Rev. B 73, 020101 (2006).
[15] J. H. Evans, Philosophical Magazine 86, 173 (2006).

[16] F. Ercolessi and J. B. Adams, Europhys. Lett 26, 583 (1994).

[17] P. Brommer and F. Gahler, Modelling Simulation Mater. Sci. Eng. 15, 295 (2007).

[18] G. Kresse and J. Furthmuller, Phys. Rev. B 54, 11169 (1996).

[19] http://www.mcs.anl.gov/~insepov/eam/Mo_Xe.3.7.eam.alloy

[20] K. Syassen and W. B. Holzapfel, Phys. Rev. B 18, 5827 (1978).

[21] Y. K. Vohra and A. L. Ruoff, Phys. Rev. B 42, 8651 (1990).

[22]J. W. Edwards, R. Speiser, and H. L. Johnston, J. App. Phys 22, 424 (1951).

[23] A. B. Belonoshko, S. 1. Simak, A. E. Kochetov, B. Johansson, L. Burakovsky, and D. L.
Preston, Phys. Rev. Lett 92, 195701 (2004).

The submitted manuscript has been created by UChicago Argonne, LLC, Operator of Argonne
National Laboratory ("Argonne"). Argonne, a U.S. Department of Energy Office of Science
laboratory, is operated under Contract No. DE-AC02-06CH11357. The U.S. Government retains
for itself, and others acting on its behalf, a paid-up nonexclusive, irrevocable worldwide license
in said article to reproduce, prepare derivative works, distribute copies to the public, and perform
publicly and display publicly, by or on behalf of the Government.



